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breast cancer (BC) patients with respect to generic-purpose libraries.

Materials and methods: One generic-purpose and 9 specific-purpose libraries, stratified according to type
of surgery and size of thorax circumference, were obtained from the computed tomography of 200 BC
patients. Keywords about contralateral breast volume and presence of breast expander/prostheses were
recorded. ABAS was validated on 47 independent patients, considering manual segmentation from
Atlas-based segmentation scratch as reference. Five ABAS datasets were obtained, testing single-ABAS and multi-ABAS with
Breast cancer radiotherapy simultaneous truth and performance level estimation (STAPLE). Center of mass distance (CMD), average
Automatic contouring Hausdorff distance (AHD) and Dice similarity coefficient (DSC) between corresponding ABAS and manual
STAPLE contours structures were evaluated and statistically significant differences between different surgeries, structures
and ABAS strategies were investigated.

Results: Statistically significant differences between patients who underwent different surgery were
found, with superior results for conservative-surgery group, and between different structures were
observed: ABAS of heart, lungs, kidneys and liver was satisfactory (median values: CMD<2 mm,
DSC>0.80, AHD<1.5 mm), whereas chest wall, breast and spinal cord obtained moderate performance
(median values: 2 mm < CMD<5 mm, 0.60 < DSC<0.80, 1.5 mm < AHD<4 mm) and esophagus, stomach,
brachial plexus and supraclavicular nodes obtained poor performance (median CMD>5 mm, DSC<0.60,
AHD>4 mm). The application of STAPLE algorithm generally yields higher performance and the use of
keywords improves results for breast ABAS.

Conclusion: The homogeneity in the selection of atlases based on multiple anatomical and clinical fea-
tures and the use of specific-purpose libraries can improve ABAS performance with respect to generic-
purpose libraries.
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Abbreviations

RT radiation therapy

ABAS atlas-based automatic segmentation

BC breast cancer

CTvV clinical target volume

CT computed tomography

NaY supraclavicular nodes

OAR organs at risk

VF vector field

REs radius of the equivalent sphere

Volcg volume of the contralateral breast

STAPLE simultaneous truth and performance level
estimation

CMD center of mass distance

AHD average Hausdorff distance

DSC Dice similarity coefficient

and quality assurance have increased the accuracy of radiation
therapy (RT) [1]. Such developments usually imply increasingly
complex and therefore time-consuming processes and an intensi-
fied workload for medical and non-medical staff.

As the goal of RT is to irradiate the tumor volume avoiding
neighboring organs to prevent acute and late toxicity, one of the
key points in the treatment planning process is the segmentation,
namely the process of labeling image voxels with anatomical and
biological meaningful labels [2]. In particular, the widespread
practice of more conformal irradiation techniques, which maximize
normal tissue sparing and improve cosmetic outcomes, requires a
more accurate and time consuming segmentation of contours [3,4].
Moreover, a large number of organs at risk should be considered to
take into account the low-dose bath in intensity-modulated RT and
the related — still investigational — late oncogenetic effect [5,6].
Still, manual contouring is a slow time-consuming process, prone to
errors and inter- and intra-operator variability, which is difficult to
quantify [7—13], and this influences negatively the reliability of
dose distributions and therapeutic outcomes comparison between
different studies and institutions.

The recent introduction of fully or semi-automatic atlas-based
segmentation techniques aims to address the challenges of accu-
racy and reliability of contouring.

The general impression from previous studies reporting the
efficacy of atlas-based automatic segmentation (ABAS) in breast
cancer (BC) patients is that the homogeneity among subjects and
contours included in the library strongly influences the results of
automatic contouring procedure [14]. In this frame, the aim of this
study was to evaluate whether specific-purpose libraries featuring
a large number of atlases and relying on homogeneity classification
based on multiple selected anatomical and clinical features can
improve ABAS performance in the segmentation of BC patient with
respect to generic-purpose libraries. Performance of single-ABAS
and multi-ABAS are also compared.

2. Materials and methods
2.1. Atlas based automatic segmentation

2.1.1. Theoretical overview

In general, an atlas is a model image segmented by an expert
operator. In ABAS, a “library” of atlases is collected: the first step
consists of selecting a template atlas to serve as reference for the

non-rigid registration of all the remaining atlases populating the
library, thus obtaining a dataset of deformation vector fields
(VFatas = {V1, Vo, ..., Vh-1}, where n is the number of atlases). When
a new unlabeled computed tomography (CT) is given, it is regis-
tered to the template atlas and the resulting vector field (VFpew) is
compared to those saved in the dataset VF,yas. The atlas corre-
sponding to the vector field V; most similar to VFey is identified as
the best matching atlas and its contours are therefore propagated
onto the unlabeled CT scan. With other words, the similarity be-
tween the unlabeled image with all those available as atlases (or
with a specific subset of the library) is calculated and deployed in
order to assign a proper label to the voxels of the unlabeled image.
In single-ABAS, the atlas that maximizes the similarity index is non-
rigidly registered with the new image, and the contours are prop-
agated according to the deformation vector field resulting from the
registration. In multi-ABAS, the information from more than one
atlas is somehow combined to generate the automatic segmenta-
tion. One possible strategy to combine information from different
atlases is the Simultaneous Truth and Performance Level Estima-
tion (STAPLE) algorithm [15], which is an expected maximization
algorithm that computes a probabilistic estimate of the true seg-
mentation by weighting each segmentation on its estimated per-
formance level. This method is often used as a reference standard
segmentation for assessing performance of different algorithms
and when an improved segmentation is needed.

A manual refinement is usually required, but with much less
efforts with respect to a complete manual contouring from scratch
on each CT scan [2].

2.1.2. Description of the implemented ABAS strategies

The creation of the libraries was performed by means of the
commercial software suite MIM 6.1.7 (MIMvista Corp., Cleveland,
US-OH). One generic-purpose atlas and 9 specific-purpose sub-li-
braries were created.

At the building of sub-libraries, two main subgroups were
stratified as function of the type of surgery, namely post-
conservative surgery BC patients (hereinafter referred as “conser-
vative-surgery” group) versus post-mastectomy BC patients
(hereinafter referred as “non-conservative-surgery” group). For
non-conservative-surgery patients, the side of the tumor was also
considered for patient stratification. In order to describe specific-
purpose atlases, some anatomical features were selected. Since
the most common indicators of body size were not available in our
clinical dataset, a surrogate index was derived from thoracic
circumference. This was obtained as the radius of the sphere
equivalent to the volume of the axial slice at the sub-mammary fold
level (Rgs). Rgs thresholds were identified as the 33rd and 66th
percentiles of Rgs distribution, corresponding to 6.0 and 6.5 cm,
respectively. Three sub-groups were therefore obtained by
discriminating  between small (Rgs<6.0 cm), medium
(6.0 cm < Rgs<6.5 cm), and large size (Rgs>6.5 cm).

A further stratification was obtained by keywords describing the
contra-lateral breast volume (Volcg) as “small breast” (S) and “large
breast” (L), if it is inferior or superior to the median value of Volcg
distribution (corresponding to 506 cm?), respectively. Additional
categorizing keywords were related to the presence of breast
prosthesis (P) or expander (E). Therefore, there are 6 possible
combinations of keywords (S, SP, SE, L, LP, LE) that the operator can
chose when contouring the CT of a new patient.

2.2. Patients dataset
We collected 200 CT scans of BC patients, treated with adjuvant

RT at the European Institute of Oncology (Milan, Italy) between
January 2012 and December 2013. All patients gave written
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informed consent for scientific research. CT scans were acquired
using a GE Light Speed (GE Medical System, Fairfield, US-CT) with
voxel resolution of 0.9375 x 0.9375 x 2.5 mm. In cranio-caudal
direction, CT usually includes from first cervical vertebra to the
second lumbar vertebra. All patients were treated supine, with
arms raised above the head with TomoTherapy® (Accuray, Madison,
US-WI). At the time of treatment planning, clinical target volumes
(CTVs), namely breast/chest wall and supraclavicular nodes (SCV),
and organs at risk (OARs) including spinal cord, thyroid, trachea,
esophagus, stomach, liver, heart, contra-lateral breast, ipsilateral
humeral head, ipsilateral brachial plexus, lungs, kidneys and breast
implant (if present), were segmented manually for all patients by
expert physicians following the institutional guidelines. Adjuvant
RT was administered to the breast (in conservative-surgery pa-
tients) or to the thoracic wall with or without SCV area.

2.2.1. Atlas dataset

At the time of creation of the libraries, all contours were
reviewed by a dedicated physician. The generic-purpose atlas
comprises all 200 patients, whereas the 9 specific-purpose sub-li-
braries are as reported in Table 1. An example of the patients
selected for the creation of the libraries is shown in Fig. 1. Patients
with bilateral breast implants were not included in the sub-
libraries.

2.2.2. Validation dataset

The unlabeled CT scans of 47 patients (30 non-conservative-
surgery patients and 17 conservative-surgery patients) not
included in the libraries were used for testing purpose (Table 2).

For each CT scan, single-ABAS was performed using both the
generic- and the specific-purpose libraries, thus obtaining struc-
tures sets named Gen and Spec, respectively. Moreover, multi-ABAS
was obtained using the STAPLE algorithm to generate a probabi-
listic estimate from the best 3 subjects of generic- and specific-
purpose libraries, and corresponding structure sets were named
GenS and SpecS, respectively. Finally, the single-ABAS using the
specific-purpose libraries and the additional keywords resulted in
the structure set SpecK. Lastly, the manual segmentation of the
unlabeled test CT scan was performed from scratch, thus obtaining
the ground truth structure set for ABAS quality assessment.

For the sake of clarity, it is worth summarizing that for each test
patient, 6 structure sets were obtained: 1 manually segmented
used as reference for the evaluation of ABAS, and 5 automatic ABAS,

Table 1

Fig. 1. Paradigms of the left breast cancer patients selected for the libraries cre-
ation. Axial and coronal slices of the CT scan of (a) a post-conservative surgery patient,
(b) a post-mastectomy non-reconstructed patient and (c) a post-mastectomy surgically
reconstructed patient. Segmented structures, such as breasts, heart, esophagus, tra-
chea, liver, kidneys, stomach, lungs, brachial plexus, and supraclavicular nodes are
shown.

Characteristics of patients collected in the sub-libraries and relative keyword distribution. The column “Number of patients” is the total of patients corresponding to the
columns “Surgery”, “Tumor side” and “Patient size”. Each of the descriptive keywords (“Contralateral breast volume”, “Breast prosthesis” and “Breast expander”) refers to the
corresponding number of patients. Patient size was derived from thoracic circumference: the distribution of the radius of the sphere equivalent to the volume of the axial slice
at the sub-mammary fold level was used to distinguish between small size (under 33rd percentile), medium size (between 33rd and 66th percentile), and large size (beyond
66th percentile). The median value of the contralateral breast volume distribution was used to distinguished between small (S) and large (L) contralateral breast volume.

Surgery Tumor side Patient size Number of patients Keywords
Contralateral Breast Breast
breast prosthesis expander
volume
S L yes no yes no
Non-conservative breast surgery Right Small 21 19 2 6 15 10 11
Medium 18 9 7 11 7 11
Large 15 3 12 3 12 5 10
Left Small 21 20 1 3 18 12 9
Medium 19 6 13 6 13 8 11
Large 16 3 13 4 12 2 14
Conservative breast surgery - Small 19 12 7 - - - -
Medium 29 10 19 — — — —
Large 20 1 19 - - - -

Patients not included in the sub-atlases 22
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Table 2

Distribution of test patients. Considering the radius of the sphere equivalent to the volume of the axial slice at the sub-mammary fold level (Rgs), patients were classified in
small (if Rgs< 6.0 cm), medium (6.0 cm < Rgs< 6.5 cm) and large size (Rgs> 6.5 cm). Considering the contralateral breast volume, patients were divided in small (S) and large (L).

The number of patients with breast prosthesis and expander is also indicated.

Surgery Tumor side Patient size Contralateral breast volume Number of test patients Breast prosthesis Breast expander
Non-conservative breast surgery Right Small S 3 2 1
L 1 1 0
Medium S 2 0 1
L 3 1 1
Large S 2 0 0
L 3 1 1
Left Small S 3 2 1
L 3 0 2
Medium S 3 1 2
L 3 2 1
Large S 1 0 0
L 3 1 1
Conservative breast surgery - Small S 3 - -
L 3 - -
Medium S 3 - -
L 3 - -
Large S 2 — -
L 3 - -

2 of which obtained by applying the generic-purpose library (Gen
and GenS) and 3 by applying the specific-purpose libraries (Spec,
SpecS and SpecK).

For conservative-surgery patients, a structure set including
heart, esophagus, liver, breasts, spinal cord, lungs, left or right
kidney and stomach was considered. For the purpose of this study,
CTV and contra-lateral breast were not distinguished: we will refer
to them as right or left breast. For non-conservative-surgery pa-
tients, CTV (namely chest wall) and contralateral breast (distin-
guished in left/right), brachial plexus and SCV ipsilateral to the
operated breast were included in the structure set. The thyroid was
excluded from the evaluation, since it was outlined for only few
patients included in the atlases.

2.3. Comparisons, metrics and statistics

According to Peroni et al. [16], a set of quantitative metrics
related to position and shape of manually versus automatically
segmented structure sets were used to assess the performance of
ABAS.

The Euclidean distance between the centers of mass (CMD) of
corresponding structures was used as an index of differences in the
position. Shape discrepancies were expressed as contour distance
and contour overlap between corresponding structures. Average
Hausdorff distance (AHD) was chosen as measure of contour dis-
tance [17] and was computed relying on the implementation pro-
vided by the Insight Toolkit (ITK, www.itk.org, [18]). The value of
AHD is equal to 0 if the contours coincide perfectly. Contour overlap
was expressed by the Dice Similarity Coefficient (DSC) [19]. It is
computed as the intersection volume of two structures normalized
for the sum of their volumes, in a scale from 0 (no overlap) to 1
(perfect overlap). Since structures of different size are evaluated
and a dependency of the DSC from structure volumes has been
demonstrated [20], we put the considered metrics into relation
with the volumes of the reference structure set in order to give a
more accurate estimation of performance scoring.

The normality of indices distributions was assessed applying the
Jarque-Bera test and the non-parametric Kruskal-Wallis test was
used to perform statistical analysis. The way in which different
factors (namely surgical modality, organ and ABAS library)
contributed to the variability in the distribution of different metrics
(CMD, DSC and AHD) was assessed by Kruskal-Wallis test. In
particular, the statistically significant contribution of the factors

“surgery” and “structure” is propaedeutic for the subsequent
analysis of different atlases, in which the contribution of different
surgery and different structures is taken into account. Post-hoc
analysis with level of significance set at 0.05 was performed us-
ing the Dunn & Sidak's approach to highlight significant differences
among the tested conditions. All evaluation and tests were per-
formed in the MATLAB environment (MathWorks, Inc., US-MA).

2.4. Editing time evaluation

On a subset of 8 patients, the time required for delineation of
representative structures, basing on the reached level of agreement
(i.e. poor, moderate and satisfactory levels), from scratch and by
editing the ABAS was recorded. For this purpose, a slice-by-slice
delineation was performed with MIM 6.1.7, with the aid of the
interpolation between slices in case of delineation breast and heart
from scratch.

3. Results

Overall, 235 complete structure sets were obtained using ABAS,
and 2650 contour comparisons were performed. The distribution of
CMD, AHD and DSC for the different structures and ABAS strategies
considered was not normal in 85%, 95% and 60% of the cases, thus
non-parametric test was adopted.

3.1. Test on surgical modality

The analysis of CMD, AHD and DSC, considering all structures,
showed statistically significant differences between groups of pa-
tients who underwent different surgery. In particular, overall sta-
tistically significant higher performance of ABAS was obtained for
patients who underwent conservative-surgery with respect to the
non-conservative-surgery group: median CMD decreases from
4.60 mm to 3.71 mm, median AHD decreases from 141 mm to
0.71 mm and median DSC increases from 0.76 to 0.85 (p-valuex
0.05 in all cases). In Fig. 2, the distributions of CMD, DSC and AHD
with corresponding p-values (Kruskal-Wallis test) are shown.

3.2. Test on structures

Considering all the different ABAS strategies as a whole, a large
variability was observed for different structures. Statistically
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significant differences were observed between structures for all the
metrics considered. In particular, post-hoc two by two inter-
structure comparisons of CMD, AHD and DSC highlighted statisti-
cally significant differences in 60 (76.9%), 62 (79.5%) and 64 (82.1%)
of the 78 possible combinations. DSC shows an increasing trend,
whereas CMD and AHD show a decreasing trend with increasing
structure volume (Fig. 3). For DSC, the logarithmic fitting curve at
95% prediction bounds has R*> = 0.66, whereas the exponential
fitting curve at 95% prediction bounds has R?> = 0.58 and R? = 0.69
for CMD and AHD, respectively. Among all, brachial plexus and
stomach have the most discordant behavior from the fitting, with
DSC residuals of —0.35 and —0.17, respectively, and AHD residuals of
2.2 mm and 2.9 mm, respectively.

3.3. Test on libraries

The analysis of differences between libraries was performed
considering homologous structures and homologous surgery in
order to take into account the influence of the previously analyzed
factors (see paragraphs 3.1. and 3.2.). Median values and corre-
sponding p-values are reported in Tables 3 and 4 for conservative-
surgery and non-conservative-surgery, respectively. Statistically
significant differences are highlighted.

3.4. Editing time evaluation

The mean time required for the segmentation from scratch of
esophagus, heart and breast was 2'55”, 2/42" and 8'03”, respec-
tively. The editing from SpecS allowed for a 12%, 41% and 44% time
sparing, respectively.

4. Discussion

In this study, we reported a practical application of a commer-
cially available automatic segmentation tool to assist the radiation
oncologists in their daily work of segmentation of CTVs and OARs
for BC RT. Various studies have been performed about this issue
with encouraging results towards the use of ABAS: however, only
few examples are available for specific application in BC. The time-
sparing deriving from the use of ABAS has been recently demon-
strated by Eldesoky et al. [21], who succeeded in validating specific
ABAS for breast cancer. In particular, they categorized patients ac-
cording to surgery and laterality but excluding patients with breast
implant and comparable results as concerning structures obtaining
high, moderate and poor ABAS performance. Reed et al. [22]
showed that ABAS reduces the inter-operator variability when
contouring whole breast CTV and the performance got worse as a
function of the differences in body mass index between template
and test patients. The assessment of intra/inter-observer variability

Al structures p-value < 0.001

All structures

is certainly a key point in segmentation and the introduced ABAS
should aim to improve it. As concerning breast area segmentation,
Li et al. [12] performed a multi-observer analysis to assess the
variability of target and OAR delineation and its dosimetric impact.
With due caution, our results can be compared with those obtained
in this study. Similar results were obtained in structure overlap for
heart, breast and supraclavicular nodes, which are the structures in
common between the two studies. Since several studies demon-
strated that the inter-observer variability decreases after modifying
atlas-based segmented structures [22—24], a manual refinement
will potentially further improve the inter-observer reproducibility
in segmentation with advantageous effect on the reliability of intra-
and inter-institution studies. Anders et al. [25] implemented spe-
cific single-subject ABAS stratifying patients according to breast
volume. They inferred that the results of ABAS are strongly influ-
enced by the shape of the breast rather than by its volume. Un-
fortunately, the differences in shape (and thus a possible shape
descriptor) retrospectively identified were not described. Velker
et al. [26] observed no statistically significant improvements in the
segmentation of CTV for post-lumpectomy BC patients when using
libraries composed by more than 12 subjects and highlighted the
need of consistency and homogeneity in the structure set of atlases.
In the study by Van de Velde et al. [27] cadaver scans were used to
evaluate the optimal number of atlases for the multi-ABAS of the
brachial plexus. Considering 3 atlases and applying the STAPLE al-
gorithm, a moderate mean overlap of about 40% was obtained
versus our corresponding median value of 15%. Probably, the good
performance is ascribable to the use of magnetic resonance imaging
rigidly registered to CT scan (which is highly reliable, due to the
stiffness of the embalmed cadavers) that allows increasing con-
sistency in the segmentation of such a poorly contrasted structure
on CT images. However, best results are obtained when using 9
atlases with the STAPLE algorithm, which suggests that increasing
the number of atlases and the number of subjects to include in
STAPLE could be worthwhile.

The aim of our work was to determine whether patient strati-
fication based on quantitative or qualitative features could effec-
tively improve ABAS in clinical practice. For the chosen paradigm,
namely BC treatment, several anatomical variations can be
observed between patients, in terms of post-surgical outcome,
anatomical characteristics and build. We decided to consider pa-
tients who underwent different surgical procedures, i.e. non-
conservative-surgery and conservative-surgery. Within these
large groups, we stratified patients according to the tumor side and
the thorax size. Information about the breast volume and the
presence of breast prosthesis and expander, the latter one partic-
ularly evident in the CT scans due to its metal artifacts, were
recorded for each atlas included in the sub-libraries. Our work was
designed to evaluate the capabilities of the commercial software in
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Correlation between center of mass (CMD) and volume
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Fig. 3. Correlation between center of mass distance (CMD), Dice similarity coefficient (DSC) and average Hausdorff distance (AHD) versus structure volume. For each graph,
median and interquartile range of the corresponding metric are represented in correspondence of median volume. The data comprise all the 5 implemented strategies of ABAS.
Brachial plexus, supracluvicular nodes (SCV) and chest wall derive from non-conservative surgery breast cancer patients only. The dotted line is the fitting curve.

a realistic clinical situation, when some a-priori information about
the anatomy of the patient is available, such as the pre-treatment
surgery and the patient size.

Differences were observed between different typologies of pa-
tients: results are generally worse for non-conservative-surgery
patients rather than for conservative-surgery patients (even
excluding the poor results of brachial plexus and SCV, thus
considering corresponding structures only). Again, this is probably
due to the higher homogeneity among patients, since our non-
conservative-surgery group included both surgically recon-
structed and non-reconstructed breast.

Good levels of agreement were obtained for heart, liver, lungs
and kidneys, with median DSC>0.80, CMD<2 mm and
AHD<1.5 mm. In particular, in the non-conservative-surgery group,
slightly better statistically significant results were obtained when
using STAPLE for heart and kidneys. A moderate level of agreement,
with median DSC between 0.60 and 0.80, CMD<5 mm and
AHD<4 mm, was obtained for spinal cord, chest wall and breasts.
Interestingly, statistically significant superior results were obtained
for chest wall (segmented for non-conservative-surgery cases)
when specific-purpose libraries are used in combination with
keywords or STAPLE algorithm, demonstrating a higher accuracy in
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Median center of mass distance (CMD), average Hausdorff distance (AHD) and Dice similarity coefficient (DSC) at varying organs at risk obtained from different atlases
in conservative-surgery patients. Corresponding p-value deriving from Kruskal-Wallis test among atlases is shown. Statistically significant p-values (<0.05) are highlighted in
bold. Corresponding higher quality results are highlighted in light grey.

Conservative-surgery group

Heart Esophagus Liver Right breast Left breast Spinal Cord Right lung Left lung Kidney Stomach
CMD (mm) Gen 1.41 524 2.81 8.16 8.84 8.58 0.80 0.69 3.64 9.47
GenS 1.06 4.65 239 6.82 9.11 8.97 0.70 0.58 2.63 13.56
Spec 1.76 7.61 2.68 6.29 443 9.64 0.75 0.83 3.83 11.00
SpecS 1.32 5.89 3.19 5.98 h 5.61 0.81 0.71 3.69 13.56
SpecK 2.00 7.16 3.49 6.29 7.97 0.84 0.61 3.83 9.96
p-value 0437 0.713 0912 0.490 0.006 0.771 0.977 0.985 0.891 0.358
AHD (mm) Gen 0.26 1.77 0.51 1.78 1.13 222 0.07 0.07 0.82 4.30
GenS 0.22 1.55 0.53 133 0.99 0.06 0.07 0.46 7.15
Spec 0.37 2.39 043 1.16 2.09 0.07 0.07 1.08 5.08
SpecS 0.26 1.53 0.49 0.96 0.82 0.07 0.06 0.98 7.36
SpecK 0.38 2.17 0.44 0.89 1.59 0.07 0.08 1.16 5.75
p-value 0.087 0.019 0.495 0.164 0.020 0.358 0.920 0.764 0.204 0.708
DSC Gen % 0.91 0.76 0.80 0.71 0.97 0.97 0.84 0.55
GenS 0.89 0.81 0.79 0.82 0.97 0.97 0.88 0.41
Spec 0.90 0.48 0.90 0.79 0.82 0.72 0.97 0.97 0.83 0.55
SpecS 0.92 0.56 0.90 0.81 iiﬁi 0.81 0.97 0.97 0.87 0.45
SpecK 0.90 0.50 0.90 0.79 0.75 0.97 0.97 0.84 0.52
p-value 0.032 0.005 0427 0.239 0.024 0.127 0.857 0.728 0.226 0.643
Table 4

Median center of mass distance (CMD), average Hausdorff distance (AHD) and Dice similarity coefficient (DSC) at varying organs at risk obtained from different atlases
in non-conservative-surgery patients. Corresponding p-value deriving from Kruskal-Wallis test among atlases is shown. Statistically significant p-values (<0.05) are
highlighted in bold. Corresponding superior results are highlighted in light grey.

Non-conservative-surgery group

Heart Esophagus Liver Right breast Left breast Spinal cord Rightlung Leftlung Kidney Stomach Brachial plexus SCV  Chest wall
CMD (mm) Gen 5.79 293 678 7.24 1431 0.70 118 516 1063 778 672 9.03
Gens 458 448 472 7.98 9.63 087 082 342 1089 669 727 612
Spec 5.79 347 589 574 9.03 0.77 0.90 1164 834 613 478
Specs 483 353 467 504 10.13 0.87 0.94 & 1149 770 5.89
Speck 205 579 316 493 447 11.75 0.82 093 683 1454  8.14 8.04
p-value 0.035 0.291 0221 0410 0212 0.144 0.436 0551 0002 0810 0942 0435 0.045
AHD (mm) Gen % 061 193 131 3.00 0.08 011 & 437 488 221
Gens 086 135 2.03 2.04 0.07 0.10 427 443 164
Spec 043 062 131 0.92 246 0.08 0.10 450 568 2.77
Specs 027 “0.78 wws 0.08 0.09 &4.64 530 237 h
Speck 047 2.07 0.52 3.08 0.08 011 186 555 501 281
p-value 0.002 0.000 0.098 0.026 0.009 0.286 0.986 0575 0000 0771  0.760 0.005 0.004
DSC Gen % 090 075 0.79 0.69 0.97 0.96 & 060 017 0.64
Gens 087 082 0.77 0.73 0.97 097 056  0.16 0.73
Spec 089 090 079 0.69 0.97 0.96 052 0.14 043
SpecS 092 & 088 081 h 0.73 0.97 097 & 052 o011 047 h
Speck 089 045 090 078 0.70 0.97 0.96 076 049 0.4 0.43
p-value 0.001 0.005 0.078 0.340 0.01 0.132 0.970 0197 0001 0458 0579 0.017 <0.001

atlas selection. Similarly, but to a lesser extent, specific-purpose
libraries showed higher performance in breast segmentation. At a
qualitative inspection of breast automatic segmentation, the lateral
and medial regions, followed by the inferior extent, appeared as the
main sources of error. This finding is confirmed by the center of
mass misalignment that, for these structures, presents a preferen-
tial direction orthogonal to the breast surface. As far as chest wall is
concerned, instead, the main source of error is the presence of
breast expander that hinders an accurate image registration and
subsequent contour propagation due to random metal artifacts.
Contour mismatches up to 30 mm can be observed, in some cases.
Again, the visual inspection confirms the quantitative outcome,
namely that ABAS improves with the use of specific-purpose li-
braries, in particular if associated with STAPLE multi-atlas combi-
nation. As far as spinal cord is concerned, ABAS was influenced by
the variability affecting the manual segmentation particularly in
cranio-caudal extension between test and atlas subjects. This
caused a high median CMD and scattered results (even though

overall acceptable), as pointed out by the large interquartile range
of the computed parameters. Conversely, the ABAS of esophagus,
stomach, SCV and brachial plexus resulted in poor level of agree-
ment (median CMD>5 mm, median DSC< 0.60, median
AHD>4 mm). The ABAS of SCV suffered from poor contrast of this
lymph-nodal structure with respect to surroundings soft tissue. For
both SCV and esophagus, higher results, but still insufficient in view
of fully automatic segmentation, were obtained for generic-
purpose library when STAPLE algorithm was applied. In the ABAS
of the stomach, highly spread results were observed, as highlighted
by the large inter-quartile range of the calculated parameters.
Insufficient results were obtained for the brachial plexus, due to its
poor contrast and high variability of arm setup, besides the peculiar
lengthened and thin shape of this structure.

Even if a plain superior strategy did not emerge, some in-
dications can be deduced and converted into suggestions for clin-
ical practice. In general, our analysis demonstrated statistically
significant superior results when the STAPLE algorithm was used,
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since it allows smoothing the individual contribution to the final
segmentation result by reducing outliers. Comparing the perfor-
mance of the different libraries on the same structure, best results
were obtained when using specific-purpose atlases combined with
STAPLE approach or with keyword selection. This is particularly
evident for breast and chest wall, for which the use of descriptive
keywords reduces both median and interquartile range (results not
shown). As expected, the use of keywords related to characteristics
of breast/CTV affected the quality of the segmentation of these
structures only. Indeed, the use of specific keywords, reducing the
variety of the sample with respect to specific features of interest,
limits the largest deviation from reference and leads to a reduction
of the spread in the results. Nonetheless, it should be considered
that the “over definition” might represent a hindrance both in the
identification of a sufficient number of proper patients for the
building of the sub-atlases and also for the choice of the best fitting
atlas when contouring a new patient, since all the characteristics
must be assessed beforehand. It is also conceivable that superior
results might be obtained if the sample size of keyword-specific
sub-atlases is increased. However, results are not univocal and
the application of ABS should be performed carefully. In particular
when considering breast, chest wall and SCV, the contour review
and editing by the physician is mandatory. As demonstrated by our
pilot analysis, usually a post-ABAS editing allows for time sparing
with respect to contouring from scratch and a metrics-related
dependence, still investigational, was observed: interestingly,
higher time saving was observed for structures that obtained me-
dium or superior ABAS results, such as heart and breast. For less
reproducible structures, such as brachial plexus and stomach,
instead, the use of ABAS is not recommended. This preliminary
finding deserves a more in-depth investigation, in order to help the
clinicians to define the most strategy in the use of ABAS.

As explained in Valentini et al. [28], the use of contour similarity
indices allows for a first level evaluation of the performance and for
comparison studies. Thus, the validation of the accuracy through
the considered metrics (CMD, AHD and DSC) represents a necessary
but not sufficient condition for the introduction of ABAS in clinical
practice. It should be considered, for instance, that these metrics
suffer from a dependency from structure volumes, as demonstrated
by our results and confirmed by Isambert et al. and Zaffino et al.
[20,29]. As a further development of this work, the clinical impact
of ABAS might be examined in-depth by a comprehensive dosi-
metric analysis aiming to assess the differences between manual
contouring, raw ABAS and manually corrected ABAS. In this sense, it
would be interesting to consider the contouring of thyroid, since its
precise determination is essential, especially for SCV irradiation
with intensity-modulated and volumetric arc irradiation
approaches.

However, Voet et al. [30] showed a statistically significant linear
correlation between the reduction in target coverage and DSC, even
though the large spread prevent from definitive conclusions. The
observed discrepancies in breast ABAS caution against the blind
introduction of ABAS in clinical practice, since the involved areas
are crucial for the dosimetry optimization to neighboring vital or-
gans at risk, such as heart, lungs and spinal cord. Improvements in
the accuracy of ABAS of these areas represent one of the possible
future perspectives in the implementation of more advanced ABAS
software. Of course, for the different districts considered, the
challenge remains the choice of anatomical and clinical factors to
be considered in atlas building.

Further developments in this field are supported by the
continuous efforts performed in computer science to develop new
strategies and algorithms for the selection of the best subjects in
multi-ABAS [14,31,32]. On the other side, several commercial soft-
ware are available and new versions are continuously updated.

Their clinical use requires a careful evaluation of their performance
and a word of caution must be given for their introduction in
clinical practice.
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